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Major  Department:  Materials  Science  and  Engineering 

Counting  measurements  and  mathematical  relations  of 
quantitative  stereology  have  been  used  to  characterize  the 
geometric  aspects  of  the  microstructure  of  cast  alumina- 
zirconia  abrasives.  The  microstructure  was  controlled  by 
varying  processing  parameters.  The  quench  rate  of  the  mate- 
rial from  the  melt  was  found  to  be  the  processing  parameter 
exhibiting  the  most  important  control  over  the  microstructure. 
Friability  of  the  alumina-zirconia  abrasives  was  measured 
using  three  methods:  a ball  mill  test,  the  DeBeers  friatest 

and  the  microfriability  test  developed  for  this  study.  Fri- 
ability was  found  to  be  controlled  by  the  geometric  aspects 
of  the  microstructure.  Two  cases  of  micros tructural  depen- 
dence were  studied:  the  eutectic  composition  case  and  compo- 
sitions on  the  alumina  side  of  the  eutectic  composition.  For 
both  cases  one  micros tructural  parameter,  a scale  factor,  was 
found  to  control  the  friability.  A fracture  mechanics  approach 
has  been  employed  to  explain  the  observed  increase  in  strength 
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and  toughness  in  the  alumina- zirconi a materials  studied. 

The  effects  of  impurities  and  the  amount  of  stabilized  zir- 
conia  were  also  examined  to  find  their  effects  on  the  micro- 
structure and  the  friability.  Impurities  can  affect  the 
friability  beyond  the  extent  associated  with  purely  micro- 
structural  changes. 
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INTRODUCTION 


It  has  been  shown  repeatedly  how  the  microstructure  o£ 
most  any  material  affects  its  mechanical  properties.  A wealth 
of  information  for  metals  in  this  regard  exists  in  the  liter- 
ature. Much  of  this  information  is  also  available  for  cer- 
amics with  more  being  realized  continuously.  The  manufactur- 
ing of  abrasives  has  been  going  on  for  many  years  but  rela- 
tively little  fundamental  work  has  been  done  in  relation  to 
other  areas  of  ceramics.  It  is  the  purpose  of  this  study  to 
show  the  relation  between  the  geometric  microstructure  of  the 
alumina- zirconia  abrasive  and  its  mechanical  properties. 

Abrasives 

It  is  rather  difficult  to  select  suitable  abrasive 
grains  for  the  grinding  of  various  materials,  owing  to  the 
many  kinds  of  abrasive  grains  available  and  to  the  lack  of  a 
basic  understanding  of  their  mechanical  properties.  In  many 
cases  today,  selection  methods  used  are  based  on  the  know-how 
obtained  from  past  experiences. 

Accurate  and  scientific  descriptions  and  the  subsequent 
improvement  of  the  processes  of  grinding  with  abrasives  has 
received  considerable  attention.  At  the  same  time  there  have 
been  developed  new  hard  materials  for  use  in  these  processes. 
One  of  the  major  blocks  to  technological  progress  is  the  lack 
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of  connection  between  parameters  describing  the  material  and 
parameters  describing  the  process.  This  missing  connection 
is  the  characterization  of  the  material  of  interest.  Charac- 
terization is  a knowledge  of  the  relevant  details  of  the 
atomic  structure  and  composition  of  the  material.  It  includes 
translating  the  materials  properties  into  fundamental  charac- 
teristics, chemistry,  structure  and  texture. 

Hard  materials  used  in  abrasive  grinding  have  many  uses 
in  other  areas.  Generally,  the  physical  and  chemical  proper- 
ties of  these  materials  are  quite  well  known.  The  process  of 
grinding  requires  optimum  use  of  certain  of  these  basic  prop- 
erties . 

Much  work  has  been  done  trying  to  model  the  grinding 
process.  Varying  degrees  of  success  have  been  attained  using 
single  grain  models.  Tests  on  single  grains  have  been  useful 
in  developing  these  models.  A means  is  needed  to  relate 
single  grain  tests  and  basic  properties.  Micros tructural 
characterization  provides  this  means.  This  study  uses  micro- 
structural  characterization  to  relate  material  properties  to 
single  grain  properties  and  particularly  to  friability. 

Friability  is  perhaps  the  only  property  which  is  always 
specified  for  an  abrasive  material.  Even  though  the  grinding 
process  is  very  complex  and  the  abrasive-workpiece  combina- 
tion adds  to  this  complexity,  friability  remains  the  most 
general  parameter.  Friability  is  the  measure  of  the  extent 
of  an  abrasive  material  to  break  down,  to  fracture,  upon 
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impact.  Friability  is  sometimes  reported  as  toughness  where 
toughness  is  the  inverse  of  friability. 

The  toughest  abrasive  grain,  hence  the  least  friable,  is 
not  always  the  desired  material  for  a grinding  operation.  On 
the  contrary,  different  grinding  methods  are  typed  generally 
according  to  the  friability  of  the  abrasive.  Light  duty,  pre- 
cision and  finish  grinding  all  use  a friable  grain.  The 
grain  breaks  down  rapidly  so  new  sharp  grains  are  constantly 
being  exposed  on  the  cutting  surface.  This  is  especially 
important  in  precision  and  finish  grinding.  Heavy  duty  stock 
removal  requires  very  tough  grains.  For  this  type  of  opera- 
tion it  is  desired  to  maximize  the  amount  of  material  removed 
by  grinding  compared  to  the  amount  of  abrasive  removed. 

The  grinding  ratio  is  a measure  of  the  material  removal 
rate  in  a grinding  operation.  It  is  the  ratio  of  the  amount 
of  material  removed  to  the  amount  of  grinding  media  removed. 
High  grinding  ratios  mean  a longer  abrasive  life.  But  just 
as  for  friability,  the  highest  grinding  ratio  is  not  always 
suited  to  a particular  grinding  operation.  For  heavy  duty 
stock  removal,  high  grinding  ratios  are  desired,  the  objective 
being  metal  removal  and  not  precision  or  surface  integrity. 
Friability  and  grinding  ratio  are  related  even  though  grind- 
ing ratio  measurements  are  influenced  by  the  type  of  abrasive 
grain  bonding.  High  grinding  ratios  are  obtained  using  abra- 
sives of  low  friability. 
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Quantitative  Microscopy 

All  materials  whether  they  be  metals,  ceramics  or  cermets 
have  an  internal  structure.  The  electronic  structure  relates 
to  electron  distributions  in  a perfect  crystal.  The  atomic 
arrangement  structure  reports  the  periodic  aspects  and  crys- 
tal defects.  The  geometric  microstructure  is  the  arrangement 
of  grains  and  amorphous  states.  Finally,  the  geometric  macro- 
structure determines  the  shape  of  the  total  body  of  material. 
All  of  these  structural  aspects  determine  the  chemical,  physi- 
cal and  mechanical  properties  of  the  body. 

Interest  will  be  focused  here  on  the  geometric  micro- 
structure and  its  controlling  influence  on  the  mechanical 
properties  of  an  abrasive  grain.  If  indeed  the  geometric 
microstructure  does  control  mechanical  properties,  then  it 
will  be  of  practical  importance  to  determine  how  to  control 
the  microstructure. 

In  order  to  quantitatively  relate  the  above-mentioned 
aspects,  a method  of  quantitatively  measuring  and  quantita- 
tively describing  the  geometric  microstructure  is  needed. 

The  techniques  and  relations  of  quantitative  microscopy,  or 
quantitative  stereology,  provide  this  means.  These  techniques 
and  relations  provide  for  quantitative  estimates  of  geometric 
properties  of  three-dimensional  structures  from  quantitative 
measurements  on  two-dimensional  sections  of  that  structure 
[1,2].  This  involves  purely  geometric  relationships  which 
will  not  be  derived  or  justified  here,  only  presented  and  used. 
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Three  comting  techniques  were  employed  in  this  study 
which  give  estimates  of  three  independent  geometric  features: 
volume,  surface  area  and  surface  curvature. 

The  point  counting  technique  permits  the  estimation  of 
volume  fraction.  The  count  is  made  on  a representative  two- 
dimensional  section  of  the  structure  to  be  studied.  Figure 
la  schematically  represents  such  a section.  The  point  count 
is  made  by  randomly  placing  a set  of  points  on  the  section 
and  counting  those  that  lie  on  a feature  of  interest,  e.g., 
on  the  dark  phase.  It  has  been  shown  that  a regular  array  of 
points  provides  the  best  estimate  (smallest  statistical  error) 
[3].  In  Figure  lb  the  test  points  are  defined  by  the  inter- 
section of  the  lines  forming  the  grid.  The  ratio  of  the 
number  of  points  lying  in  the  dark  phase  to  the  total  number 
of  points  is  , the  point  fraction.  provides  an  unbiased 
estimate  of  V^,  the  volume  fraction  of  the  dark  phase: 

P = V fi-) 

Volume  fraction  has  no  units,  being  a measure  of  volume  per 
3 3 

volume,  cm  /cm  . 

A line  intercept  count  can  be  made  with  the  same  grid 
used  for  the  point  count  in  Figure  lb.  A line  count  is  made 
by  randomly  placing  a test  line  on  a representative  two- 
dimensional  section  and  counting  the  number  of  times  the  line 
intercepts  a feature  of  interest.  The  grid  in  Figure  lb  is 
randomly  placed  so  the  lines  forming  the  grid  can  be  used  as 
test  probes  for  the  line  intercept  count.  If  the  feature  of 
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interest  was  the  phase  boundary  between  the  light  and  dark 
phase,  then  a count  of  the  number  of  intersections  per  unit 
length  yields  the  line  intercept  count,  Nj^.  The  line  inter- 
cept count  provides  an  unbiased  estimate  of  the  total  surface 
area  per  unit  volume  [4]  between  the  dark  and  the  light  phase: 


Sy.  has  units  of  cm  being  a measure  of  area  per  volume, 

2 3 

cm  /cm  . 

A sweeping  tangent  line  count  can  also  be  made  on  a two- 
dimensional  section.  This  count  is  illustrated  in  Figure  Ic. 

A line  is  moved  normally  across  the  plane  section  and  the 
number  of  tangents  it  makes  per  area  of  the  section  with  the 
lineal  feature  of  interest  on  the  two-dimensional  plane  is 
counted.  Positive  or  negative  tangent  counts  are  formed 
depending  on  whether  the  tangent  is  formed  with  an  element  of 
positive  or  negative  curvature.  The  definition  of  which  is 
positive  and  which  is  negative  is  arbitrary  and  can  be  defined 
according  to  convenience.  In  the  case  of  Figure  Ic,  if  a 
positive  count  is  one  where  the  dark  phase  is  on  the  concave 
side  of  the  curved  interface  at  the  tangent  formation , then 
the  niimber  and  sign  of  the  counts  areas  illustrated.  The 
sweeping  tangent  line  count,  T^,  thus  performed  gives  an 
unbiased  estimate  of  the  total  surface  curvature  per  unit 
volume  [5],  M^,  of  the  light  phase-dark  phase  interface: 


(3) 
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where  ' ^A*  ^A  number  of  positive  tangent 

counts  and  is  the  number  of  negative  counts.  has  units 

- 2 3 

of  cm  being  a measure  of  curvature  per  volume,  cm/ cm  . 

Another  property  that  can  be  obtained  from  the  sweeping 

tangent  line  count  is  the  total  absolute  surface  curvature, 

|M^| , which  is  estimated  by 

iMyl  = + t;)  (4) 

While  and  |M^|  are  not  completely  independent,  they  yield 
different  parameters  of  geometric  description  which  together 
may  provide  a better  description  of  some  microstructures. 

Average  properties  can  be  computed  from  the  previously 
mentioned  global  properties.  The  mean  phase  intercept  [6], 

X,  is  such  an  average  property.  It  can  be  obtained  from 

^ = 4 V^/S^  (5) 

The  mean  phase  intercept  has  units  of  length.  For  the  system 
of  Figure  1 and  the  counts  previously  made,  this  would  provide 
a measure  of  the  mean  phase  intercept  of  the  dark  phase. 

This  parameter  can  be  used  as  a scale  factor  since  it  is  a 
measure  of  size. 

Another  average  property  is  the  average  mean  surface 
curvature,  IT.  Surface  curvature  is  defined  in  terms  of  the 
two  principal  normal  curvatures,  and  <2 » ^7  point  on 

a surface.  The  mean  surface  curvature,  H,  is  the  average  of 
these  two  quantities 


(6) 
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In  the  general  case,  H varies  from  point  to  point  on  the 

surface.  It  can  be  shown  [5,7]  that  the  average  value  of  H 
is  given  by 


(7) 


FT  will  have  the  units  of  reciprocal  length,  e.g.,  cm'^.  So 
from  the  counting  methods  mentioned,  an  estimation  of  the 
average  mean  surface  curvature  can  be  obtained. 

A final  parameter  of  interest  is  the  product  of  the  mean 
phase  intercept  and  the  average  mean  surface  curvature,  AH. 

It  is  dimensionless  and  combines  the  information  obtained 
from  all  three  counting  techniques  mentioned: 


4V  M ttP  T. 
ait  = = --P  A 

N 


(8) 


V *'L 

The  relations  and  techniques  presented  in  this  section 
may  be  applied  to  structures  of  arbitrary  geometry;  their 
validity  requires  only  that  a representative  sample  of  the 
structure  be  sampled  uniformly.  No  simplifying  geometric 
assumptions  about  the  structure  are  necessary.  The  field  of 


quantitative  stereology  contains  other  counting  techniques 
and  relations  but  the  ones  presented  here  are  the  only  ones 
used  in  this  study.  Also,  the  two-phase  system  of  Figure  1 
used  to  explain  the  techniques  does  not  show  all  the  general 
features  of  an  arbitrary  two-phase  system  but  only  shows  those 
most  closely  related  to  this  study. 
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Micros tructural  analysis  as  performed  above  is  a statis- 
tical measurement.  The  common  standard  deviation  applied  to 
this  set  of  data  will  yield  the  number  of  readings  (grid 
placements)  required  to  achieve  any  predetermined  accuracy. 

Alumina-Zirconia 

The  commercial  uses  of  the  alumina- zirconi a system  are 
mainly  in  the  abrasive  and  refractory  industries.  Alper 
[8,9]  has  pointed  out  its  importance  as  a refractory  brick 

for  glass  tanks.  For  use  as  an  abrasive,  alumina- zirconi  a 

has  proven  to  be  superior  in  snagging  and  billet  conditioning 
operations  by  Pahlitzsch  and  Thormahlen  [10]  and  by  Coes  [11]. 
Its  superiority  in  floorstand  grinding  has  been  shown  by 
Erikson  and  Gibb  [12].  In  all  cases  the  superiority  comes 

from  larger  metal  removal  rates  at  faster  grinding  speeds; 

large  grinding  ratios  are  obtained. 

Many  attempts  have  been  used  to  employ  single  grain  tests 
to  predict  behavior  of  abrasive  wheels.  These  tests  have  seen 
varying  degrees  of  success  with  more  recent  models  giving 
good  correlations.  On  the  basis  of  single  grain  tests,  Matsuo 
and  Oshima  [13]  and  Shaw  and  others  [14-16]  have  shown  the 
alumina-zirconia  grain  to  be  superior  under  certain  conditions 
and  to  give  poorer  performance  under  others. 

The  alumina-zirconia  system  was  the  first  multi-phased 
system  to  see  appreciable  commercial  development.  Other 
multi-phase  systems  are  being  explored  now  but  none  have  been 
developed  yet  except  as  single  point  cutting  tools.  The  high 
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strength  o£  the  alumina-zirconia  grain  is  attributed  to  its 
two-phase  structure. 

Alumina-zirconia  forms  a simple  binary  eutectic  as  is 
evident  in  the  phase  diagram  of  Figure  2 which  is  a slight 
modification  of  the  one  proposed  by  Alper  [9].  Wartenburg 
and  others  [17,18]  proposed  a binary  diagram  as  did  Cevales 
[19].  Figure  2 reflects  a eutectic  temperature  of  1870°C  and 
a eutectic  composition  of  42  wt%  Zr02.  Solid  solutions  on 
both  sides  of  the  diagram  are  very  limited  with  maximums  of 
generally  no  more  than  1%  reported. 

The  microstructure  visible  from  a polish  plane  of  a 
fusion  cast  eutectic  composition  is  shown  in  Figure  3.  The 
colony  structure  contains  zirconia  rods  and  plates  imbedded 
in  a-alumina  grains.  The  eutectic  grains  grow  along  a three- 
fold symmetry  axis  of  the  a-alumina.  By  controlling  the 
solidification  parameters,  growth  rate  and  temperature  gradi- 
ent, and  impurities,  Schmid  and  Viechnicki  [20]  could  produce 
either  random  or  oriented  eutectic  microstructures. 

Impurities  have  been  shown  to  cause  colony  structure  in 
metal  systems  [21]  and  they  are  probably  the  cause  of  the 
colony  structure  in  the  alumina-zirconia  system.  By  using 
large  temperature  gradients  and  minimal  thermal  asymmetry, 
Schmid  and  Viechnicki  [20]  obtained  homogeneous  eutectic 
structures  free  of  colonies.  In  this  colony-free  structure 
they  no  longer  obtained  a rod-type  microstructure  but  exclu- 
sively a lamellar-type  microstructure. 


Temperature 
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Figure  2.  Phase  diagram  for  alumina- zirconia  system. 
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Figure 


3.  Scanning  electron  micrograph  of  polish  plane  of 
fusion-cast  eutectic  composition  alumina-zirconia. 
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For  compositions  between  pure  alumina  and  the  eutectic 
composition,  the  microstructure  obtained  is  shown  in  Figure  4. 
It  consists  of  primary  alumina  dendrites  in  a supporting 
matrix.  Figure  4 is  from  a fusion  cast  sample.  On  cooling, 
primary  a-alumina  dendritically  freezes  out  until  the  eutectic 
temperature  is  reached.  At  the  eutectic  temperature  the 
remaining  liquid  is  of  nearly  the  eutectic  composition  and  a 
eutectic  type  solidification  occurs  similar  to  Figure  3.  The 
dendritic  nature  of  the  primary  a-alumina  grains  is  not  imme- 
diately apparent  from  Figure  4.  Selected  planes  through  more 
directionally  solidified  structures  show  it  better  and  the 
view  down  a pore  (shrinkage  cavity)  in  Figure  5 makes  the 
dendritic  nature  very  obvious. 

Compositions  between  the  eutectic  and  pure  zirconia  have 
a structure  as  shown  in  Figure  6.  There  is  primary  zirconia 
in  the  supporting  matrix.  The  primary  zirconia  frozen  first 
on  cooling  from  the  melt  can  have  an  equigranular  shape. 

Figure  6a,  or  a dendritic  and  needlelike  shape.  Figure  6b, 
depending  on  the  composition  and  the  degree  of  superheat  in 
the  liquid  [9]. 

The  primary  alumina  in  the  eutectic  composition  and  all 
compositions  on  the  alumina  side  of  the  eutectic  serve  to 
nucleate  the  eutectic  microstructure.  The  primary  zirconia 
for  compositions  on  the  zirconia  side  of  the  eutectic  is 
surrounded  by  a ring  of  alumina.  From  the  findings  of  Sund- 
quist  and  Mondolfo  [22],  alumina  is  the  first  phase  to  nucleate 
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Figure  4 


1200X 


Scanning  electron  micrograph  of  polish  plane 
of  fusion-cast  25  wtl  Zr02-75  wtl  AI2O2. 


600X 


Figure  5.  Scanning  electron  micrograph  of  25  wt 

75  wtl  AI2O3  looking  down  a pore.  Shows 
dendritic  nature  of  primary  alumina. 
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(b)  1350X 


Figure  6.  Scanning  electron  micrographs  of  fusion-cast 
50  wtl  ZrO2-S0  wt%  AI2O3.  (a)  Equigranular 
primary  Zr02 , (b)  dendritic  primary  Zr02. 
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and  causes  nucleation  of  zirconia  when  growth  of  the  eutectic 
occurs . 

The  structures  mentioned  previously  are  all  obtained  by 
growth  from  the  melt.  Structures  obtained  by  sintering 
alumina  and  zirconia  powders  below  the  melting  temperature 
result  in  the  alumina  and  zirconia  crystals  being  separated. 
These  types  of  structures  were  not  investigated  in  this  study 
since  they  are  not  of  interest  as  an  abrasive  grain. 

Most  commercial  abrasive  grain  compositions  come  from 
the  alumina  side  of  the  eutectic  or  the  eutectic  composition 
itself.  Compositions  around  25  wt%  ^^^2  yield  the 

toughest  grains.  Materials  are  fusion  cast  to  give  the  micro- 
structures shown  above. 

The  toughness  of  this  grain  is  attributed  to  hard  crys- 
tals of  primary  a-alumina  being  supported  by  a softer  eutectic 
matrix.  It  is  expected  that  the  primary  phase  crystals  are  of 
higher  modulus  of  elasticity  than  the  eutectic  matrix.  Such 
a system  conforms  to  findings  determined  for  other  composite 
structures  which  are  characterized  by  high  strength,  for 
example  glass  fiber  reinforced  plastics  [23]. 

An  aspect  of  the  alumina- zirconia  system  that  has  never 
been  resolved  to  the  satisfaction  of  this  author  is  the  ques- 
tion of  the  amount  of  alumina  solid  solution  in  zirconia  and 
its  effect  on  the  phase  morphology  of  the  zirconia,  i.e., 
does  alumina  stabilize  zirconia  in  either  the  tetragonal  or 
cubic  phase  modification?  Zirconia  normally  occurs  in  the 
monoclinic  state  under  ambient  conditions.  The  phase 
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transformation  monoclinic  to  tetragonal  on  heating  and  the 
reverse  on  cooling  has  been  well  documented  [24].  The  trans- 
formation tetragonal  to  cubic  on  further  heating  is  not  as 
well  documented  [24],  Many  solid  solutions  of  other  materials 
with  zirconia  are  known  to  stabilize  zirconia  in  either  the 
tetragonal  or  cubic  phase  at  room  temperature. 

Zirconia  suffers  a destructive  7-91  volume  increase  in 
the  tetragonal  to  monoclinic  phase  inversion  which  severely 
limits  what  otherwise  could  probably  be  the  most  useful  high 
temperature  oxide  ceramic  known.  This  accounts  for  the  large 
amount  of  work  and  publications  on  controlling  the  phases  of 
zirconia. 

In  fusion  cast  alumina-zirconia,  the  zirconia  will  have 
undergone  the  volume  increase  on  cooling  if  it  is  in  the 
monoclinic  phase  at  room  temperature.  The  zirconia  is  gener- 
ally reported  to  be  in  the  monoclinic  phase  with  some  workers 
reporting  various  amounts  of  the  tetragonal  or  cubic  phase 
stabilized.  Schmid  and  Viechnicki  [25]  reported  that  only 
the  monoclinic  phase  was  present  but  suggest  that  a trace  of 
a cubic  peak  could  have  been  observed  from  their  x-ray  powder 
diffraction  pattern.  Even  a small  percentage  of  stabilized 
cubic  zirconia  in  their  samples  could  be  explained  by  their 
relatively  high  impurity  concentrations  of  CaO  and  MgO  which 
both  stabilize  zirconia  in  the  cubic  modification.  Andreeva 
[26]  found  no  solid  solution  of  AI2O2  in  Zr02  but  suggests 
that  AI2O2  with  the  presence  of  ^2©^  does  stabilize  zirconia. 
Krauth  and  Meyer  [27]  found  no  solid  solution  or  stabilization 
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for  their  slow  cooled  plasma  jet  cast  alumina- zirconia. 
However,  in  their  rapid  quench  experiments  they  report  increas 
ing  amounts  of  tetragonal  stabilized  zirconia  with  increasing 
amounts  of  alumina  up  to  total  stabilization  at  70  molel  ZrO^. 
Between  30  and  60  molel  ZrO^  they  reported  finding  only  a 
glassy  phase.  They  attribute  the  stabilized  tetragonal  zir- 
conia not  to  solid  solution  by  the  alumina  but  to  a crystal- 
lite size  effect.  Garvie  [28]  has  found  tetragonal  stabili- 
zation due  to  a crystallite  size  effect  in  experiments  on  zir- 
conia only.  Bailey  and  others  [29]  also  attribute  their 
observed  tetragonal  stabilization  in  ball  milled  zirconia  to 
a size  effect.  Hennicke  and  Vaupel  [30]  report  tetragonal 
stabilization  of  zirconia  by  alumina.  Their  observations 
could  be  attributed  to  the  size  effect  proposed  by  Garvie 
[28]  and  Krauth  and  Meyer  [27]  or  maybe  to  an  impurity  effect; 
since  their  sample  preparation  techniques  were  quite  different 
(precipitated  hydroxides  of  Zr02  and  AI2O3)  and  the  fact  that 
they  measured  solid  solution  of  1 mole%  AI2O2  in  Zr02 , they 
may  have  observed  actual  alumina  stabilized  zirconia. 

Even  though  some  stabilization  of  zirconia  in  the 
alumina-zirconia  system  has  been  reported,  the  zirconia  is 
basically  in  the  monoclinic  modification  at  room  temperature. 
Thus  it  has  undergone  the  volume  increase  and  since  cracking 
IS  not  observed  even  in  very  dense  samples  the  structure  must 
be  strained.  The  zirconia  probably  experiences  compressive 
forces  while  the  alumina  lattice  is  in  tension. 
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Fracture  and  Toughness 

Ceramics  have  traditionally  been  referred  to  as  a class 
of  materials  which  fail  in  a brittle  manner.  Once  a crack  is 
initiated,  there  is  no  resistance  to  propagation  and  cata- 
strophic failure  results.  The  increase  in  need  to  use  cer- 
amics in  demanding  mechanical  and  thermal  stresses  combined 
with  high  temperatures  has  been  met  mainly  by  trying  to  make 
stronger  ceramics.  Abrasive  machining  is  one  such  demanding 
area.  High  mechanical  stresses  and  temperatures  approaching 
the  melting  temperature  of  the  workpiece  can  be  encountered 
at  the  abrasive  grain-workpiece  interface.  Simply  making 
stronger  ceramics  gives  a higher  fracture-initiation  stress 
at  failure.  Once  the  fracture  is  initiated,  the  higher 
kinetic  energy  from  stronger  ceramics  produces  a fracture 
which  is  still  catastrophic  and  even  more  spectacular.  In 
these  type  ceramics  failure  occurs  without  warning. 

If  once  past  the  stage  of  initiation  the  propagation  of 
a crack  could  be  arrested,  then  tough  ceramics  could  be  pro- 
duced. Some  amount  of  plastic  deformation  is  thought  to 
accompany  crack  propagation  in  all  materials  including  cer- 
amics [31-34].  Not  all  ceramics  necessarily  fail  in  a brittle 
manner  when  subjected  to  a load  and  do  exhibit  some  degree  of 
toughness.  Gupta  [31]  has  argued  that  stable  crack  propaga- 
tion cannot  occur  in  a single-phase  homogeneous  brittle  mate- 
rial. However,  in  multiphase  ceramics  there  is  a distinct 
division  in  energy  demand  between  various  phases,  so  the 
stages  of  initiation  and  propagation  are  separate.  The 
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presence  o£  selective  inhomogeneities  in  a ceramic  material 
can  prevent  the  premature  growth  o£  an  unstable  crack. 

High  values  o£  £racture  energies  are  generally  accom- 
panied by  low  values  o£  strength.  Gupta  [31]  attributes  this 
discrepancy  in  multiphase  systems  to  imper£ect  bonding  between 
the  dispersed  phases  and  the  matrix.  The  most  promising  mate- 
rials £rom  this  standpoint  appear  to  be  the  "sel£-generated" 
composites  derived  £rom  the  eutectics  o£  mixed  oxides. 


EXPERIMENTAL  PROCEDURE 


Sample  Preparation 

Most  samples  used  in  this  study  were  prepared  by  casting 
from  the  melt.  Reagent  grade  powders  of  the  individual  con- 
stituents were  weighed  out  and  mixed.  Alumina  and  zirconia 
from  a number  of  commercial  suppliers  were  used  with  no 
noticeable  differences  in  resulting  samples  provided  impuri- 
ties were  of  relatively  small  trace  amounts.  Blending  of  the 
powders  was  done  in  a ball  mill  for  24  hrs.  Blended  powders 
were  then  cold  pressed  into  pellets. 

Some  pellets  were  arc  cast  on  a water  cooled  copper 
hearth  plate.  A tungsten  electrode  in  an  argon  atmosphere 
was  used.  This  method  provided  very  fast  quench  rates  --  from 
melt  to  about  600°C  in  15  sec  --  but  samples  were  usually  por- 
ous and  had  varying  amounts  of  tungsten  oxide  contaminant 
since  the  electrode  was  slowly  consumed.  Since  both  alumina 
and  zirconia  are  electrical  nonconductors,  small  samples  only, 
less  than  2 gms , could  be  fabricated  at  one  time  using  this 
method. 

Other  pellets  were  cast  in  a resistance  heated  furnace. 
The  furnace  had  a tungsten  heating  element,  timgsten  heat 
shields  and  was  operated  in  an  argon  atmosphere.  Temperature 
was  monitored  with  tungsten- tungsten  rhenium  thermocouples 
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and  an  optical  pyrometer.  Molybdenum  crucibles  were  used. 
Quench  rates  up  to  800°C/min  were  readily  attainable  using 
this  furnace.  Samples  ranging  from  5 to  30  gms  were  fabri- 
cated by  this  method. 

Other  samples  used  were  obtained  from  commercial  sup- 
pliers as  bulk  lumps  or  crushed  and  sized  grains.  These 
samples  were  all  cast  from  the  melt  in  electric  arc  furnaces. 
Various  quenching  methods  were  employed  to  include  casting 
large  ingots,  pouring  into  thin  slabs,  pouring  over  steel 
balls,  and  sandwiching  between  steel  plates  to  various  thick- 
nesses . 

All  samples  were  crushed  in  a hammer  mill  and  sized  using 
Tyler  standard  screen  sieves.  Random  samplings  of  sized 
grains  were  picked  for  microstructural  studies.  These  grains, 
usually  four  in  number,  were  cold  mounted  in  epoxy  potting 
compound.  They  were  then  ground  and  polished  using  succes- 
sively finer  diamond  grinding  and  polishing  media.  Some 
grinding  was  done  with  silicon  carbide.  Polishing  was  done 
through  1/4  micron  diamond  paste.  Mounted  samples  were 
coated  to  give  conducting  surfaces  for  use  in  the  scanning 
electron  microscope.  Coating  was  initially  done  with  a gold- 
paladium  alloy  but  later  switched  to  carbon  coating  when  this 
was  found  to  give  better  phase  contrast  in  the  scanning  elec- 
tron microscope. 
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Microhardness  Measurements 

Microhardness  numbers  were  obtained  from  samples  cold 
mounted  and  polished  as  mentioned  above.  A Kentron  micro- 
hardness tester  was  used  with  a Vickers  indenter  and  loads 
of  100  and  1000  gms . Indenting  velocity  was  approximately 
0.01  cm/sec  and  the  indenter  remained  in  contact  with  the 
sample  for  approximately  10  sec.  Microhardness  numbers  were 
also  obtained  using  a Knoop  indenter  with  loads  of  100  gms. 

Friability  Measurements 

Three  methods  of  measuring  friability  have  been  employed 
a ball  mill  test,  the  DeBeers  friatester  and  a controlled 
impact  test. 

The  ball  mill  test*  results  are  reported  as  toughness 
numbers  relative  to  an  AI2O2  material  standard.  The  mills 
were  fabricated  from  8 in  OD  1/8  in  wall  steel  tubing.  The 
tube  was  cut  to  length  (8  in)  and  covers  were  fitted  to  the 
ends.  The  rolling  speed  of  the  mill  was  34  rpm.  The  impact 
media  were  cylindrical  slugs  3/4  in  diameter  and  3/4  in  long 
of  fully  hardened  drill  rod.  Approximately  50  ml  of  material 
to  be  tested  and  40  slugs  (1780  gms)  were  used  for  each  test. 
The  slugs  were  weighed  after  each  test  and  a 41st  slug  added 
when  the  total  weight  dropped  to  1735  gms.  When  the  total 
weight  of  the  41  slugs  dropped  to  1735  gms,  the  entire  batch 
was  discarded  and  replaced. 


*Ball  mill  testing  was  done  at  3M  Company. 
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A narrow  screen  cut  of  material  was  used.  The  material 
and  the  slugs  were  put  in  the  mill  and  the  mill  set  into 
rotation  on  a conventional  set  of  rollers  including  a rota- 
tion counter.  Periodically  the  test  was  stopped  and  the  mate- 
rial was  sieved  through  a stack  of  four  screens  and  the  weight 
retained  on  each  screen  and  in  the  pan  was  recorded.  All 
material  was  then  put  back  into  the  mill  with  the  slugs  and 
the  test  resumed.  The  test  ended  when  most  of  the  material 
was  on  the  finest  screen  or  the  pan. 

The  selection  of  screens  was  arbitrary  within  limits. 

The  coarsest  screen  was  the  first  available  screen  finer  than 
that  of  the  starting  material.  The  other  three  screens  were 
selected  to  have  approximately  70%,  40%  and  20%  of  the  opening 
of  the  coarsest  screen. 

The  data  after  each  screening  were  collected  and  reduced 
to  give  the  number  of  rotations  required  to  reach  this  condi- 
tion with  a standard  AI2O2  material  and  quoted  finally  as 
relative  toughness. 

The  DeBeers  Friatester*  is  a vibrator  capable  of  shaking 
cylindrical  capsules  in  the  direction  of  their  axes  at  the 
frequency  of  2400±20  rpm  with  an  amplitude  of  0.325±.015  in. 
The  capsules  are  carbon  steel  58-62  with  0.500±.005  in  ID 
and  0.752±.006  in  height  in  the  cylindrical  cavity  when  the 
capsule  is  closed.  One  cover  of  the  capsule  is  flat  and  the 
other  has  a 9/32  in  concave  radius.  Each  capsule  has  one 

^Results  from  DeBeers  Friatester  were  furnished  by 
Carborundum  Company. 
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hardened  steel  ball  of  5/16  in  diameter  and  2.045  gm  to  2.025 
gm  weight. 

Material  to  be  tested  was  a -30+40  wire  screen  cut. 
Between  0.39  and  0.41  gms  were  weighed  into  a capsule.  The 
capsules  were  agitated  for  15  sec.  After  this,  the  samples 

were  rescreened  through  a #50  wire  mesh  screen.  The  percent- 

1 

age  passing  #50  mesh  is  considered  destroyed.  If  the  siom  of 
the  amount  retained  and  the  amount  passed  differed  from  the 
starting  amount  by  more  than  1%,  the  test  was  rejected.  The 
differences  actually  observed  were  never  more  than  0.1%. 

Three  tests  were  obtained  for  each  sample  and  the  median  of 
the  three  results  reported  on  the  condition  that  none  of  the 
other  two  results  deviate  by  more  than  2%  from  the  median. 

The  friability  is  reported  as  the  percent  destroyed. 

The  controlled  impact  test  or  microfriability  test  con- 
sists of  dropping  a controlled  weight  from  a controlled  height 
onto  an  individual  grain;  see  Figure  7.  The  grain  rests 
between  two  tungsten  carbide  plates  with  the  weight  striking 
the  upper  plate  and  the  bottom  plate  resting  firmly  on  a mas- 
sive piece  of  steel.  Grains  from  a narrow  sieve  cut  are 
tested  one  at  a time,  then  resieved  to  give  the  microfria- 
bility as  the  percent  destroyed.  The  majority  of  the  tests 
were  performed  on  a -10+14  US  Standard  sieve  cut  with  the 
fraction  passing  a #18  sieve  being  the  percent  destroyed. 

Approximately  1 gm  of  material  was  used  for  each  micro- 
friability test.  Prior  to  actual  testing  a -7+18  sieve  cut 
of  material  was  tumbled  for  24  hrs  in  a steel  jar.  The 
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Figure  7.  Microfriability  testing  apparatus;  (a)  assembled, 
(b)  tungsten-carbide  chamljer. 
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2.5  in  diameter  jars,  Figure  8,  were  rotated  at  22  rpm.  The 
grains  were  then  "tabled"  prior  to  the  microfriability  test. 
Tabling  consisted  of  rolling  the  grains  down  an  inclined  tube 
onto  a tilted  vibrating  table.  Figure  9.  The  idea  being  that 
the  closer  the  grain  was  to  a sphere,  the  farther  it  would 
roll  down  the  table  before  falling  off  the  edge.  Grains  used 
in  the  microfriability  test  were  collected  from  the  farther 
end  --  "spherical  end"  --  of  the  table.  The  tabling  was  not 
perfect,  with  many  grains  remaining  at  the  blockier  end 
which,  by  visual  inspection,  appeared  to  belong  more  toward 
the  spherical  end.  Fortunately,  visual  inspection  showed 
nearly  a complete  absence  of  "flats"  and  "slivers"  at  the 
spherical  end.  So,  the  grains  collected  at  the  blockier  end 
were  run  a total  of  four  more  times  for  each  sample,  giving 
any  one  grain  a total  of  five  chances  to  be  accepted  for 
further  testing.  The  tumbling  and  tabling  of  the  grains  was 
done  to  minimize  the  effects  of  particle  shape  on  the  impact 
test.  A large  number  of  grains  was  actually  tested  per 
sample  to  statistically  "iron  out"  the  remaining  particle 
size  effects. 

Quantitative  Microscopy  Measurements 

The  quantitative  microscopy  counting  measurements  were 
performed  with  the  aid  of  a Cambridge  Stereoscan  scanning 
electron  microscope.  An  optical  microscope  was  tried  but 
failed  on  two  counts.  In  some  cases,  the  features  were  too 
small  to  be  resolvable  in  an  optical  microscope 


Figure  8.  Tumbling  jars. 


Figure  9.  Vibrating  table  to  eliminate  flats  and  slivers. 
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(magnifications  up  to  70,000X  were  used)  and  in  all  cases 
poor  phase  contrast  was  obtained  between  the  alumina  and  zir- 
conia  phases.  Because  of  the  high  mass  contrast  between 
aluminum  and  zirconium,  excellent  phase  contrast  was  obtained 
in  the  scanning  electron  microscope.  The  high  contrast  facili- 
tated observations  of  the  geometric  features  of  interest. 

Actual  counting  measurements  were  done  at  magnifications 
of  500X  to  70,000X.  A 25-point  grid  was  used  for  the  point 
fraction  counts  and  3 horizontal  lines  were  used  for  the  line 
intercept  counts.  Only  horizontal  lines  were  used  to  elimi- 
nate the  uncertainty  in  vertical  magnification  due  to  tilting 
of  the  sample.  Nearly  all  samples  were  counted  with  zero 
degree  tilt  angle  but  the  3 horizontal  line  convention  was 
maintained.  The  counting  grid  was  placed  directly  on  the 
CRT  and  the  counts  made  on  the  features  observable  there. 

The  sweeping  tangent  line  count  was  made  using  a grid 
consisting  of  five  small  individual  squares.  The  vertical 
raster  line  on  the  CRT  was  used  as  the  sweeping  test  line  and 
the  tangent  counts  were  made  by  visual  observation  in  the 
areas  defined  by  the  five  squares.  Later  the  25-point  grid 
and  the  5 -square  grid  were  combined  so  all  desired  measure- 
ments could  be  made  from  each  screen  placement  on  the  sample. 

A minimum  of  50  grid  placements  was  used  in  counting 
most  samples.  A very  few  samples  were  counted  with  25  grid 
placements.  The  grid  placements  were  made  by  moving  the 
sample  mechanically  a random  distance,  then  focusing  and 
counting.  Grid  placements  were  rejected  if  they  fell  on 
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areas  showing  large  cracks,  large  amounts  of  porosity  or 
obvious  polishing  defects,  i.e.,  grain  pullout.  Properly 
mounted  and  polished  samples  gave  rise  to  very  few,  i.e.,  one 
or  two,  rejected  grid  placements  per  sample. 

X-ray  Diffraction 

X-ray  powder  diffraction  data  were  obtained  with  a 
Norelco  diffractomater  equipped  with  a graphite  crystal  dif- 
fracted beam  monochromator.  A copper  target  x-ray  tube  was 
used.  Powder  patterns  were  scanned  at  0.5  and  1.0  deg/min. 
Peaks  for  zirconia  phase  analysis  were  scanned  at  0.25  deg/min. 
Samples  were  mounted  on  glass  slides  using  a collodion-amyl 
acetate  solution. 

Area  analysis  of  zirconia  peaks  for  polymorph  percentages 
was  accomplished  using  a planimeter.  Corrections  were  made 
for  Lorentz  polarization  factors  and  the  method  of  Garvie  and 
Nicholson  [35]  used  for  percentage  calculations. 

Density 

Density  measurements  were  made  using  the  wax  impregna- 
tion-water suspension  techniques.  Sample  sizes  for  these 
measurements  varied  from  0.2  gm  to  5 gm. 

Computer 

Much  of  the  data  reduction  was  done  on  an  IBM  360-165 


computer. 


RESULTS 


Microhardness 

Microhardness  numbers  for  the  alumina- zirconia  system 
obtained  with  Vickers  and  Knoop  indenters  give  similar  results. 
Figure  10  shows  the  variation  of  diamond  pyramid  hardness 
numbers  (Vickers  indenter)  with  composition.  A nearly  linear 
relation  exists.  Figure  11  shows  the  results  of  the  Knoop 
hardness  tests.  This  also  results  in  a nearly  linear  plot. 

The  samples  used  in  these  tests  varied  by  composition  only. 
Other  factors  were  held  constant,  i.e.,  they  represent  similar 
quench  rates  and  the  same  fabrication  procedure.  These  sam- 
ples were  cast  in  the  arc  melter  so  exact  control  of  quench 
rates  was  not  possible. 

Similar  results  have  been  shown  for  the  alumina-hafnia 
system  [36] . 

Microstructural  Characterization 

The  techniques  of  quantitative  microscopy  as  described 
earlier  have  been  used  to  characterize  the  microstructure  of 
cast  alumina- zirconi a materials.  The  techniques  have  been 
applied  in  two  separate  cases,  that  of  the  eutectic  composi- 
tion and  that  for  compositions  on  the  alumina  side  of  the 
eutectic  composition. 
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Figure  10.  Diamond  Pyramid  Numbers  (DPN)  for  arc-cast 
alumina-zirconia ; 1000  gm  load. 
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Figure  11.  Knoop  hardness  for  arc-cast  alumina- zirconia 
100  gm  load. 
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The  first  case  where  quantitative  microscopy  measurements 
were  made  was  for  samples  with  compositions  between  pure 
alumina  and  the  eutectic  composition.  The  volume  fraction  of 
the  dendritically  frozen  primary  alumina  in  the  supporting 
matrix  was  measured,  see  Figure  4.  Surface  area  and  surface 
curvature  counts  were  made  on  the  interface  between  the  pri- 
mary alumina  crystals  and  the  supporting  matrix.  For  nota- 
tional  purposes  here,  the  primary  alumina  is  called  the  a 
phase  and  the  supporting  matrix  the  3 phase.  The  parameters 
examined  were: 

ct 

= volume  fraction  of  the  a phase  (primary  alumina) 
ft 

= total  surface  area  per  unit  volume  of  the  inter- 
face between  the  a and  3 phases  (primary  alumina- 
supporting matrix  interface) 

Mv  = total  surface  curvature  per  unit  volume  of  the 
interface  between  the  a and  3 phases 

~0t 

X = mean  phase  intercept  of  the  a phase 
g<x3 

= average  mean  surface  curvature  of  a-3  interface. 

The  second  case  is  for  the  eutectic  composition  which 
yields  the  two-phase  structure  shown  in  Figure  3.  Volume 
fractions  were  calculated  for  the  zirconia  rods  and  plates 
and  surface  areas  and  surface  curvatures  of  the  alumina- 
zirconia  interface.  For  notational  purposes  the  zirconia 
phase  was  called  the  y phase  and  the  alumina  phase  called 
the  u)  phase.  The  notation  used  is  explained  below  in  the 
summary  of  the  micros tructural  parameters  investigated. 

= volume  fraction  of  the  y phase  (zirconia) 

= total  surface  area  per  unit  volume  of  the 
interface  between  the  y and  o)  phases 
(zirconia-alumina  interface) 
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= total  surface  curvature  per  unit  volume  of 
the  interface  between  the  y snd  co  phases 

= mean  phase  intercept  of  the  y phase 

= average  mean  surface  curvature  of  the  inter- 
face between  the  y and  w phases. 

Since  all  samples  were  nominally  of  the  eutectic  composition 

for  the  Y-w  measurements,  would  be  expected  to  be  constant 

from  sample  to  sample.  This  was  found  to  be  the  case  with 

only  minor  variations  probably  due  to  small  compositional 

differences  and  errors  in  white  and  black  level  determinations 

influencing  the  Pj  count.  Figure  12  shows  a range  of  and 

values  encountered  and  a typical  polish  section  for  each 

of  those  values. 

The  two  cases,  cx~3  and  Y“^»  measure  different  geometric 
aspects  of  the  microstructure.  The  supporting  matrix,  3 phase 
for  a-3  case,  is  essentially  of  the  eutectic  composition  and 
has  the  same  micros tructural  characteristics  as  the  eutectic 
composition.  Thus  the  3 phase  is  actually  the  y-ui  case. 
Qualitative  observation  shows  the  size  of  the  a phase  disper- 
sion to  be  at  least  an  order  of  magnitude  larger  than  the  size 
of  the  Y phase  dispersion. 

Microstructural  Control 

There  may  be  a number  of  ways  to  control  the  microstruc- 
ture in  any  given  material.  One  way  to  control  it  in  the 
alumina-zirconia  system  is  by  varying  the  chemical  composition. 
The  effects  of  chemical  composition  on  microstructure  for  com- 
positions between  pure  alumina  and  the  eutectic  composition 
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Figure  12.  Scanning  electron  micrographs  of  a range  of  s'l‘^  and  values 

encountered  in  eutectic  composition  alumina-zirconia;  all  micro- 
graphs are  at  6500X. 
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are  shown  in  Figures  13  through  15.  These  figures  reflect 
data  for  arc  melted  samples. 

Figure  13  shows  decreases  from  1.0  to  0 as  the  amount 
of  zirconia  is  increased.  A monotonically  decreasing  curve 
IS  expected  in  order  to  be  consistent  with  the  phase  diagram. 
The  exact  shape  of  this  curve  depends  on  other  variables, 
especially  the  quench  rate.  Small  differences  in  the  curve 
can  be  obtained,  making  a compositional  series  of  samples  with 
a different  quench  rate.  Thus  the  curve  of  Figure  13  is  one 
curve  out  of  a family  of  similar  possible  curves. 

The  variation  of  total  surface  area  with  composition  is 
shown  in  Figure  14.  The  surface  is  that  between  the  primary 
alumina  crystals  and  the  supporting  matrix.  At  0 wtl  ZrO 

2 

only  the  alumina  is  present  so  is  0,  and  at  42  wt%  Zr02 
only  the  matrix  phase  is  present  so  is  0.  Between  these 
two  extremes  the  a- 3 interface  exists  so  the  curve  goes 
through  a maximum.  Again  this  curve  is  but  one  curve  of  a 
family  of  possible  curves,  but  of  a larger  range  than  in  the 
Vy  case.  Great  variation  in  for  a given  composition  can 
be  obtained  as  will  be  shown  later. 

The  effect  of  composition  on  the  total  surface  curvature 
is  shown  in  Figure  15.  As  in  the  case,  is  0 at  0 and 
42  wt%  Zr02.  Between  these  extremes,  will  have  a maximum 
greater  than  zero  and  minimum  less  than  zero,  using  the  sign 
convention  where  the  curvature  of  the  a- 3 interface  is  con- 
sidered positive  if  the  a phase  is  on  the  concave  side  of  the 
curved  surface.  For  compositions  slightly  less  than  42  wt% 
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Figure  13.  Volume  fraction  of  primary  alumina  dendrites 
3-s  a function  of  composition  for  arc-cast 
alumina- zirconi a. 
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Figure  14.  Total  surface  area  per  unit  volume  of  primary 
alumina  dendrites  and  supporting  matrix  inter- 
face as  a fvinction  of  composition  for  arc-cast 
alumina-zirconia. 
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Figure  15.  Total  surface  curvature  per  unit  volume  of 

primary  alumina  dendrite  and  supporting  matrix 
interface  as  a function  of  composition  for 
arc-cast  alumina- zirconia. 
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Zr02  , the  a phase  will  be  the  dispersed  phase  and  thus 
will  have  positive  values.  For  compositions  slightly  greater 
than  0 wt%  ^ phase  will  be  the  dispersed  phase  and 

will  have  negative  values.  Somewhere  between,  will 
go  through  zero.  Since  the  a phase  is  the  dendri tical ly 
frozen  primary  alumina  and  the  B phase  is  the  last  phase  to 
freeze  out  (the  eutectic  composition),  then  it  is  qualitatively 
reasonable  that  the  3 phase  will  be  continuous  down  to  small 
wt%  Zr02  values  (regardless  of  the  continuity  of  the  a phase). 
Thus  the  crossover  value  of  0 should  occur  at  small  wt% 
^^^2  the  data  obtained  support  this  conclusion. 

Insufficient  data  were  obtained  for  the  series  of  Figure  15 
to  pinpoint  the  wtl  ZrO„  value  for  the  crossover.  This 

« V 

crossover  point  and  the  exact  shape  of  the  curve  are  deter- 
mined by  other  variables  than  the  composition  and  thus  the 
curve  depicted  is  one  of  a family  as  in  the  two  preceding 
cases . 

For  a given  composition  the  microstructure  can  be  con- 
trolled by  the  quench  rate  in  cast  samples.  This  appears  to 
be  the  most  influential  factor  controlling  the  microstructure 
for  the  compositions  studied.  This  is  shown  qualitatively  in 
Table  I for  the  y-ui  case.  The  samples  represented  there  were 
cast  into  slabs  of  various  thicknesses  where  the  thinner 
slabs  provided  faster  quench  rates.  is  essentially  con- 
stant, increases  with  increasing  quench  rate  and 

increases  with  increasing  quench  rate.  The  mean  phase 


Dependence  of  Microstructure  on  Quench  Rate 
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intercept  used  as  a scale  factor  shows  the  scale  of  the 
system  decreases  with  increasing  quench  rate. 

The  effect  of  quench  rate  on  microstructure  for  the  a-g  case 
is  shown  in  Figure  16.  The  quench  rates  are  qualitative, 
based  on  samples  taken  from  areas  of  different  thickness  in  a 
poured  slab.  Faster  quench  rates  give  larger  total  surface 
area  at  a given  volume  fraction  and  thus,  remembering  Equation 
5 for  A , the  scale  of  the  system  decreases. 

Samples  were  prepared  in  the  tungsten  resistance  element 
furnace  where  temperatures  were  monitored  with  thermocouples. 
Quench  rates  were  quantitatively  determined  to  see  the  effect 
on  the  microstructure.  Samples  of  42  wt%  ZrO„  and  25  wtl  ZrO. 

^ L 

were  fabricated  at  various  quench  rates,  giving  microstruc- 
tural  data  about  the  y-ui  and  the  a-g  cases. 

For  the  y-ui  case.  Figure  17  shows  the  variation  of 
with  quench  rate.  As  expected,  since  all  samples  are  42  wtl 
Zr02,  the  variation  is  small.  Figure  18  shows  that  S^“  in- 
creases with  increasing  quench  rate.  and  increase 

with  increasing  quench  rate  as  seen  in  Figures  19  and  20. 

The  scale  factor,  A^ , decreases  with  increasing  quench  rate. 
Figure  21.  increases  with  increasing  quench  rate  as 

shown  in  Figure  22.  The  dimensionless  shape  factor,  , 

appears  to  be  relatively  constant.  Figure  23,  Another  param- 
eter measured  for  the  y-ui  case  was  the  mean  colony  intercept, 

Q 

A . This  is  a measure  of  the  colony  size  which  can  be  seen 
from  Figure  24  to  decrease  with  increasing  quench  rate. 
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Figure  16.  Effect  of  quench  rate  on  volume  fraction  and 
surface  area  of  primary  alumina  dendrites  for 
fusion-cast  alumina-zirconia.  Points  are  in 
order  of  decreasing  quench  rate:  1 represents 

fastest  quench  rate,  5 represents  slowest. 
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Figure  17.  Volume  fraction  of  primary  zirconia  in  eutectic  composition 
alumina-zirconia  as  a function  of  quench  rate. 
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Figure  18.  Total  surface  area  of  primary  zirconia  in  eutectic  composition 
alumina- zi rconi a as  a function  of  quench  rate. 
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alumina-zirconia  as  a function  of  quench 
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Figuie  22.  Average  mean  surface  curvature  of  primary  zirconia  in  eutectic 
composition  alumina-zirconia  as  a function  of  quench  rate. 
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Figure  23.  Shape  parameter  of  primary  zirconia  in  eutectic  composition 
alumina- zirconia  as  a function  of  quench  rate. 
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function  of  quench  rate. 
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For  the  a-3  case  v“  remains  essentially  constant  with 
quench  rate  as  would  be  expected  since  all  compositions  are 
25  wt-6  , see  Figure  25.  As  shown  in  Figure  26, 

increases  with  increasing  quench  rate.  Figures  2 7 and  28 
show  and  | | increasing  with  increasing  quench  rate. 

The  scale  factor,  1“ , decreases  with  increasing  quench  rate. 
Figure  29.  increases  as  can  be  seen  from  Figure  30. 

The  shape  factor,  , may  increase  with  increasing  quench 

rate  as  can  be  seen  in  Figure  31,  although  later  data  show 

that  this  conclusion  is  probably  based  on  fortuitous  scatter 
in  data  values. 

The  effect  of  impurities  on  the  microstructure  was  inves- 
tigated. Impurities  are  always  present  to  some  degree,  so 
the  range  of  impurity  concentrations  studied  was  that  which 
might  be  found  in  commercial  quality  raw  materials.  The 
impurities  studied  were  also  studied  at  increasing  concentra- 
tions up  to  concentrations  which  produced  a significant  amount 
of  a third  phase.  Impurities  studied  in  detail  were  CaO, 

Ti02,  Cr202  and  V20^.  CaO  was  picked  to  see  the  effect  of 
stabilizing  the  zirconia  in  the  cubic  modification  and  Ti02 , 
^^2°3  ^2^5  known  to  strengthen  alumina. 

Table  II  shows  the  effect  of  CaO  and  Ti02  on  some  experi- 
mental commercial  samples  of  the  eutectic  composition  nomi- 
nally. For  a given  quench  rate,  5 wt%  TiO.  decreased 

_ 2 V ’ 

and  while  increasing  the  scale  of  the  microstructure, 

A . At  a given  quench  rate,  3 wt^o  CaCO^  showed  the  same 
general  trends.  Different  casting  methods  were  used  for  each 
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Figure  25.  Volume  fraction  of  primary  alumina  dendrites  in  25  wtl  ZrO 
AI2O,  as  a function  of  quench  rate. 
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Figure  26.  Total  surface  area  of  primary  alumina  dendrites  in  25  wt^  ZrO 
75  wt%  A1-0-  as  a function  of  quench  rate. 
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Figure  27.  Total  surface  curvature  of  primary  alumina  dendrites  in  25  wt%  ZrO 
75  wt%  Al-O-  as  a function  of  quench  rate. 
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Figure  28.  Absolute  surface  curvature  of  primary  alumina  dendrites  in 
25  wt%  ZrO--75  wt%  A1_0,  as  a function  of  quench  rate. 
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Figure  29.  Mean  phase  intercept  of  primary  alumina  dendrites  in  25  wt%  ZrO 
75  wt%  Al-O,  as  a function  of  quench  rate. 
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Figure  30.  Average  mean  surface  curvature  of  primary  alumina  dendrites  in 
25  wtl  Zr02‘75  wt%  Al-O-  as  a function  of  quench  rate. 
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Figure  31.  Shape^ parameter  of  primary  alumina  dendrites  in  25  wtl  ZrO 
75  wt%  Al^O-  as  a function  of  quench  rate. 


Chemical  Control  of  Microstructure 
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set  o£  data  in  Table  II,  accounting  for  the  difference  in  the 
0 wt%  values. 

Results  of  samples  of  the  eutectic  composition  with 
third  components  added  and  fired  in  the  tungsten  resistance 
element  furnace  are  shown  in  Figures  32  through  39.  The 
quench  rate  for  all  samples  was  approximately  880°C/min.  The 
additives  appear  to  have  a negligible  effect  on  Vj  excepting 
CaO.  Additions  of  CaO  and  TiO  decrease  while  Cr„0,  and 
^^2^5  ^ small  effect  in  comparison.  The  changes  in 

and  are  the  same,  CaO  and  Ti02  decrease  them  and  Cr20j 

and  ¥20^  have  no  measurable  effect.  The  scale  factor,  X^, 
remains  relatively  constant  for  Cr202  and  ¥20^  but  increases 
for  CaO  and  Ti02-  decreases  for  CaO  and  Ti02  but  changes 

little  for  Cr20j  and  ¥20^  allowing  for  some  scatter.  The 
shape  parameter,  , remains  relatively  constant  with  a 

slight  increase  in  value  possible  for  all  additives.  X^  in- 
creases for  CaO  and  Cv20^  (after  an  initial  decrease)  and 
decreases  for  Ti02  and  ^20^. 

The  effects  of  CaO,  Ti02 , Cr20j  and  ¥20^  on  the  micro- 
structure of  25  wt%  Zr02  cast  materials  are  shown  in  Figures 
40  through  46.  ¥“  increases  slightly  with  the  third  component 

additions.  decreases  in  all  cases.  and  | | decrease 

in  all  cases  also.  The  scale  factor,  X*^,  increases  with  all 
the  additions.  H decreases  especially  in  the  ¥^Oi-  case. 

M O 

The  shape  parameter  remains  fairly  constant  for  TiO,  and  ¥,0 

Z Zb 


but  decreases  for  CaO  and  Cr20j. 
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Figure  33.  Effect  o£  impurities  on  total  surface  area  of  primary  zirconia  in 
eutectic  composition  alumina-zirconia.  Quench  rate  is  880°C/min. 
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Figure  34.  Effect  of  impurities  on  total  surface  curvature  of  primary  zirconia 
in  eutectic  composition  alumina-zirconia.  Quench  rate  is  880°C/min. 
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Figure  36.  Effect  of  impurities  on  mean  phase  intercept  of  primary  zirconia 

in  eutectic  composition  alumina- zirconia.  Quench  rate  is  880°C/min 
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Figure  37.  Effect  of  impurities  on  average  mean  surface  curvature  of  primary 
zirconia  in  eutectic  composition  alumina'Zirconia.  Quench  rate 
is  880°C/min. 
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Figure  38.  Effect  of  impurities  on  shape  parameter  of  primary  zirconia  in 

eutectic  composition  alumina- zirconia.  Quench  rate  is  880°C/min. 
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Figure  41.  Effect  of  impurities  on  total  surface  area  of  primary  alumina -dendrites 
in  25  wt%  ZrO--75  wt%  Al-0,.  Quench  rate  is  880°C/min. 
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Figure  44.  Effect  of  impurities  on  mean  phase  intercept  of  primary  .alumina 
dendrites  in  25  wt%  Zr02-75  wtl  Al-O-.  Quench  rate  is  880°C/min. 
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Figure  46.  Effect  of  impurities  on  shape  parameter  of  primary  alumina  dendrites 
in  25  wt%  ZrO„-75  wtl  A1»0  Quench  rate  is  880°C/min. 
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Friability 

Three  different  tests  were  used  to  measure  friability. 

Not  every  sample  was  tested  by  all  three  tests  but  enough 
cross-checking  between  tests  with  the  same  sample  was  done  to 
see  if  the  three  tests  do  indeed  measure  the  same  mechanical 
property  called  friability.  Figure  47  shows  the  correlation 
between  the  DeBeers  Friatester  results  and  the  ball  mill  test. 
A nearly  linear  relation  exists  with  a slight  deviation  at 
high  friabilities.  A linear  correlation  exists  between  the 
ball  mill  test  and  the  microfriability  test  as  can  be  seen 
from  Figure  48.  A nearly  linear  relation  was  found  between 
the  DeBeers  test  and  the  microfriability  test,  Figure  49. 

These  data  show  that  the  three  tests  measure  the  same  mechan- 
ical property.  The  major  difference  between  them  is  the 
amount  of  material  required  to  make  the  test:  about  100  gms 

for  the  ball  mill  test,  about  1 gm  for  the  microfriability 
test  and  on  the  order  of  tenths  of  a gram  for  the  DeBeers  test. 

Microstructural  Control  of  Friability 

The  dependence  of  friability  on  microstructure  can  be 
seen  from  the  following  data.  Samples  are  experimental  com- 
mercial materials  prepared  by  a variety  of  casting  techniques. 
Microstructural  data  are  plotted  with  friability  and  tough- 
ness. The  friability  scale  on  the  graphs  is  reversed  from  the 
normal  convention  for  ease  in  comparing  results.  All  samples 

are  of  nearly  the  eutectic  composition  being  42  to  45  wt% 

"Y 

V essentially  constant  so  no  correlation  was  found 
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en  DeBeers  Friability  and  ball  mill  toughness. 
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Figure  49.  Correlation  between  microfriability  and  DeBeers  Friability. 
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with  friability.  Figure  50  shows  the  dependence  of  friability 
(or  toughness)  on  As  increases,  the  friability 

decreases  and  a tougher  material  is  obtained.  As  and 

|M^"|  increase,  the  friability  decreases  as  shown  in  Figures 
51  and  52.  Increasing  the  scale  of  the  microstructure  yields 
a more  friable  material  as  seen  in  Figure  53.  As  in- 
creases the  friability  increases,  although  this  correlation 
is  not  as  good  as  some  of  the  others  as  seen  from  the  scatter 
in  the  data  in  Figure  54.  The  shape  factor,  , appears 

to  increase  the  friability  as  it  increases,  but  due  to  the 
scatter  in  the  data  this  may  not  be  a viable  conclusion  as 
seen  in  Figure  55. 

Samples  prepared  in  the  tungsten  resistance  element  fur- 
nace of  composition  42  wtl  Zr02  show  essentially  the  same 
results  as  the  preceding  series.  The  only  real  difference  is 
the  shape  factor,  , appears  to  have  no  effect  on  fria- 

bility in  this  series.  Figures  56  through  61  show  the  depen- 
dence of  microfriability  on  microstructure. 

A 25  wt%  2r02  compositional  series  was  also  prepared  in 
the  tungsten  resistance  element  furnace.  Micros tructural 
data  from  these  samples  are  plotted  against  microf riabildty 
in  Figures  62  through  67.  As  and  |m“^|  increase, 

the  friability  decreases.  Friability  increases  with  increas- 
ing X^,  the  scale  factor.  As  increases  friability 
decreases.  The  shape  factor,  IT^^X^,  changes  slightly  with  a 
decrease  causing  an  increase  in  friability. 
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Figure  50.  Dependence  of  toughness  and  friability  on  total  surface  area  of 
primary  zirconia  in  eutectic  composition  altunina-zirconia. 
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Figure  52.  Dependence  of  toughness  and  friability  on  absolute  surface  curvature 
of  primary  zirconia  in  eutectic  composition  alumina-zirconia. 
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Figure  55.  Dependence  of  toughness  and  friability  on  shape  parameter 
primary  zirconia  in  eutectic  composition  alumina-zirconia. 


Figure  56.  Dependence  of  mi crofri ability  on  total  surface 
area  of  primary  zirconia  in  eutectic  composi- 
tion alumina-zirconia. 
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Figure  57.  Dependence  of  microfriability  on  total  surface 
curvature  of  primary  zirconia  in  eutectic 
composition  alumina-zirconia. 
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Figure  58.  Dependence  of  microfriability  on  absolute 
surface  curvature  of  primary  zirconia  in 
eutectic  composition  alumina-zirconia. 
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Figure  59.  Dependence  o£  microfriability  on  mean  phase 
intercept  of  primary  zirconia  in  eutectic 
composition  alumina- zirconia. 
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Figure  60.  Dependence  o£  microfriability  on  average  mean 
surface  curvature  of  primary  zirconia  in 
eutectic  composition  alumina-zirconia. 
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Figure  61.  Dependence  of  microfriability  on  shape 

parameter  of  primary  zirconia  in  eutectic 
composition  alumina- zirconia. 
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Dependence  of  inicrofriability  on  total  surface 
area  of  primary  alumina  dendrites  in  25  wt 
ZrO^-ys  wtl  AI2O2. 
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Figure  6 


3.  Dependence  of  microfriability  on  total 
curvature  of  primary  alumina  dendrites 
25  wt%  ZrO^-yS  wt%  Al20j. 
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Figure  64.  Dependence  of  microfriability  on  absolute 
surface  curvature  of  primary  alumina 
dendrites  in  25  wtl  Zr02“75  wtl  Al20^. 
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Figure  65.  Dependence  of  microfriability  on  mean  phase 
intercept  of  primary  alumina  dendrites  in 
25  wt%  Zr02'75  wt%  AI2O2, 
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Figure  66.  Dependence  of  microfriability  on  average  mean 
surface  curvature  of  primary  alumina  dendrites 
in  25  wtl  Zr02-75  wtl  Al20j. 
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Figure  67.  Dependence  of  microfriability  on  shape  parameter 
of  primary  alumina  dendrites  in  25  wtl  ZrO_- 
75  wt%  ^ 
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One  of  the  objectives  of  this  study  was  to  control  the 
friability  of  the  alumina-zirconia  material  by  controlling 
the  processing  variables.  This  could  have  been  done  by  going 
through  a matrix  of  processing  controls  and  picking  the  pro- 
cess that  gave  the  best  results  as  defined  by  the  problem. 
This  would  perhaps  yield  a suitable  material  for  most  prob- 
lems but  may  give  only  speculative  information  on  why  one 
process  worked  better  than  others.  By  analyzing  how  micro- 
structure controls  friability  and  then  how  to  control  the 
microstructure,  it  can  be  seen  why  and  how  certain  processing 
variations  affect  the  friability.  Figure  68  shows  the  con- 
trol quench  rate  has  on  the  friability.  The  preceding  fig- 
ures help  explain  how  the  quench  rate  actually  controls  the 
friability . 

Impurity  Control  of  Friability 

Impurities  have  been  shown  to  control  the  microstructure 
to  a certain  extent.  Microstructure  has  been  shown  to  con- 
trol the  friability.  Therefore  impurities  should  control  the 
friability.  This  turns  out  to  be  true,  but  in  some  cases 
impurities  control  the  friability  to  an  extent  beyond  that 
expected  from  the  micros tructural  changes  induced  by  the 
impurities.  This  illustrates  the  fact  that  the  friability 
is  not  controlled  by  microstructure  alone  but  depends  on  many 
things.  No  one  basic  property  has  even  been  shown  to  control 
friability  exclusively. 
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The  microstructure  does  control  friability  to  a large 
extent,  though,  and  probably  the  next  most  important  factor 
is  the  amount  and  type  of  impurities  or  alloying  additions. 
Porosity  is  an  important  aspect  of  the  microstructure  which 
controls  friability  and  will  be  discussed  later. 

For  the  eutectic  composition,  y-oi  case,  the  effects  of 
the  additions  of  CaO,  Ti02,  Cr202  and  ^2©^  on  the  friability 
can  be  seen  from  Figures  69  through  74.  For  reference,  the 
micros tructural  effects  alone  are  shown  also.  CaO  essentially 
affects  the  friability  by  its  microstructural  effects.  Ti02 » 
^2^5  ^ tougher  material  than  the  microstruc- 

tural characterizations  predict. 

The  25  wt%  gives  slightly  different  results 

as  shown  in  Figures  75  through  80.  The  the 

changes  in  friability  expected  from  the  microstructural 
changes.  Ti02  gives  the  expected  change  in  friability  except 
at  large  wt%  Ti02  '^^.lues  a significantly  weaker  grain  is  pro- 
duced. CaO  gives  a more  friable  material  than  predicted, 
while  Cr202  gives  a substantial  decrease  in  friability  over 
that  predicted  by  the  microstructure. 

Data  reported  above  were  for  additions  below  which  a 
third  phase  appeared  on  the  microstructural  sections  used  in 
the  counting  measurements.  Appearance  of  a third  phase 
resulted  in  very  large  increases  in  the  friabilities  of  the 
CaO  materials  as  seen  in  Figures  81  and  82.  Third-phase 
additions  in  the  Ti02  materials  produced  a weaker  grain  in 
the  y-M  case  and  nearly  the  same  effect  as  CaO  in  the  a-6 
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(cm  ^ X 10^) 


Figure  69.  Effects  of  impurities  on  microfriability 

beyond  the  dependence  on  total  surface  area 
of  primary  zirconia  in  eutectic  composition 
alumina- zirconi a. 
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Figure  70.  Effects  of  impurities  on  microfriability  beyond 
the  dependence  on  total  surface  curvature  of 
primary  zirconia  in  eutectic  composition 
alumina- zirconi a. 
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Figure  71.  Effects  of  impurities  on  microfriability  beyond 
the  dependence  on  absolute  surface  curvature  of 
primary  zirconia  in  eutectic  composition 
alumina-zirconia. 
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Figure  72.  Effects  of  impurities  on  microfriability  beyond 
the  dependence  on  mean  phase  intercept  of 
primary  zirconia  in  eutectic  composition  alumina- 
zirconia. 
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Figure  73.  Effects  of  impurities  on  microfriability  beyond 
the  dependence  on  average  mean  surface  curva- 
ture of  primary  zirconia  in  eutectic  composition 
alumina- zirconia. 
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Figure  74.  Effects  of  impurities  on  microfriability  beyond 
the  dependence  on  shape  parameter  of  primary 
zirconia  in  eutectic  composition  alumina- zirconia . 
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Figure  75.  Effects  of  impurities  on  microfriability  beyond 
the  dependence  on  total  surface  area  of  primary 
alumina  dendrites  in  25  wt%  ZrO--75  wtl  A1»0_. 
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Figure  76.  Effects  of  impurities  on  microfriability  beyond 
the  dependence  on  total  surface  curvature  of 
primary  alumina  dendrites  in  2 5 wt?i  ZrO^- 
75  wt%  AI2O2.  ^ 
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Figure  77.  Effects  of  impurities  on  microfriability  beyond 
the  dependence  on  absolute  surface  curvature  of 
primary  alumina  dendrites  in  25  wt%  ^^^2’ 

75  wt%  AI2O3. 
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Figure  78!  Effects  of  impurities  on  microfriability  beyond 
the  dependence  on  mean  phase  intercept  of 
primary  alumina  dendrites  in  25  wt%  ZrO„- 
75  wt%  AI2O2.  ^ 


I 

t 


Microfriabi  li  ty 


117 


Figure  79.  Effects  of  impurities  on  microfriability  beyond 
the  dependence  on  average  mean  surface  curvature 
of  primary  alumina  dendrites  in  25  wt%  ZrO„- 
75  wt%  AI2O2.  ^ 
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Figure  80.  Effects  of  impurities  on  microfriability  beyond 
the  dependence  on  shape  parameter  of  primary 
alumina  dendrites  in  25  wt®6  Zr02-75  wt%  AI2O2. 
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case.  The  V20^  produced  a stronger  grain  in  the  yw  case  on 
the  third-phase  addition  and  a slightly  weaker  grain  in  the 
a-3  case.  A third  phase  was  not  observed  on  additions  of 
^^2^3  was  not  expected  since  alumina  and  chromia  are 
isoniorphous  compounds.  Figures  81  and  82  are  of  practical 
importance  in  showing  the  effect  of  alloying  additions  on  the 
friability  of  alumina- zirconia  but  do  not  contain  the  infor- 
mation of  previous  plots  necessary  to  explore  mechanisms  of 
toughening. 

Density 

The  density  of  a material  gives  a measure  of  the  porosity 
if  the  true  density  is  known.  Porosity  has  been  shown  to 
influence  mechanical  properties  of  many  materials.  Porosity 
affects  the  friability  of  the  alumina- zirconia  material  also. 
Figures  83  and  84  show  how  the  porosity  affects  the  friability. 
Figure  83  is  for  samples  prepared  in  the  tungsten  resistance 
element  furnace  and  Figure  84  is  for  the  experimental  commer- 
cial materials.  In  general,  the  data  show  that  a low  density 
material  is  very  friable  whereas  the  higher  density  materials 
have  lower  friability.  High  density  does  not  insure  low 
friability  but  low  density  insures  high  friability.  Figure 
85  shows  a similar  correlation  for  25  wt%  ZrO^  materials.  A 
theoretical  density  is  marked  on  the  preceding  plots  and  was 
calculated  assuming  no  solid  solution  in  either  the  alumina 
or  the  zirconia. 
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Figure  83.  Microfriability  as  a function  of  density  for 

42  wt%  Zr02-58  wt%  AI2O3.  Theoretical  density 
assumes  no  solid  solution. 
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Density  (gm/cm^) 


Figure  84,  Toughness  as  a function  of  density  for  42  wt% 

Zr02-58  wt%  AI2O3.  Theoretical  density  assumes 
no  solid  solution. 
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Figure  85.  Microfriability  as  a function  of  density  for  25  wt%  ZrO_-75  wtl 
A1^0_.  Theoretical  density  assumes  no  solid  solution. 
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X-  ray 

Powder  diffraction  patterns  show  the  alumina- zirconia 
materials  studied  to  consist  of  a-alumina  (corundum  crystal 
structure)  and  monoclinic  zirconia.  Some  zirconia  was  found 
to  be  in  the  tetragonal  or  cubic  form.  Figure  86  shows  the 
percentage  of  the  stabilized  zirconia  for  the  42  and  25  wtl 

cases.  Figure  86  shows  the  amount  of  stabilization  does 
not  depend  on  quench  rate.  No  detectable  shift  in  powder 
pattern  line  spacings  was  found,  indicating  no  solid  solution 
in  the  alumina  or  the  zirconia. 

Impurities  can  stabilize  zirconia  in  the  tetragonal  or 
cubic  phase  form.  The  effects  of  the  additions  of  CaO,  Ti02 , 
^2°5  shown  in  Figures  87  and  88.  CaO  stabilizes 
the  cubic  modification  while  Ti02  shows  no  effect.  Cr202  and 
^2^5  ^ slight  stabilizing  effect  at  large  concentrations. 

No  correlations  were  found  between  the  percent  of  stabil- 
ized zirconia  and  the  geometric  microstructure  nor  were  any 
found  with  the  friability. 
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Figure  87.  Percent  stabilized  zirconia  dependence  on  impurities  for  42  wt% 
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Figure  88.  Percent  stabilized  zirconia  dependence  on  impurities  for  25  wt 
ZrO-,-75  wtl  Al-0,. 
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DISCUSSION 

Microhardness 

Microhardness  has  been  related  to  friability  in  a gen- 
eral way  by  Ueltz  [37]  and  his  findings  are  reproduced  in 
Figure  89.  He  finds  the  hardest  grains  are  the  most  friable 
while  the  softer  grains  are  the  toughest.  Since  microhard- 
ness is  a measure  of  strength,  this  shows  the  general  trend 
for  most  ceramic  materials.  Brecker  and  others  [38]  have 
obtained  nearly  identical  results  using  the  same  materials  as 
did  Ueltz.  The  friability  numbers  reported  in  Figure  89  were 
obtained  using  the  ASA  Ball  Mill  Friability  Index  (ASA  B74.8- 
1965).  These  friability  numbers  are  not  directly  comparable 
to  those  obtained  in  this  study. 

Figures  10  and  11  show  the  variation  of  microhardness 
with  composition.  It  has  been  shown  [36]  that  at  a given 
composition  the  microhardness  can  vary  with  processing  vari- 
ables. Microhardness  numbers  obtained  in  this  study  showed 
the  laboratory  samples  to  have  consistently  higher  hardness 
than  the  commercial  samples  studied.  Microfriability  tests 
on  some  commercial  25  wt%  "^^^2  "materials  showed  friabilities 
in  about  the  middle  of  the  range  obtained  for  the  laboratory 
materials.  Microfriabilities  for  commercial  42  wt%  ZrO_  , 
materials  were  slightly  higher  on  the  average  than  the 
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laboratory  materials.  The  variations  in  friability  obtained 
at  a given  composition  were  greater  than  the  variations  in 
hardness  (on  the  order  of  200%  compared  to  10%). 

The  large  variations  in  friability  for  alumina- zi rconi a 
materials  obtained  in  this  study  indicate  that  the  alumina- 
zirconia  materials  do  not  fit  the  plot  of  Figure  89.  Removing 
the  alumina-zirconia  from  that  plot  leaves  only  the  alumina 
abrasives,  single  phase  systems.  The  indication  of  decreas- 
ing strength  with  increasing  toughness  is  one  generally 
observed  in  single  phase  homogeneous  ceramics. 

Alumina-zirconia  abrasive  is  tougher  than  pure  alumina 
abrasives  but  this  increase  in  toughness  is  not  necessarily 
accompanied  by  a decrease  in  strength.  The  microhardness  data 
for  arc-cast  materials  in  Figures  10  and  11  indicate  that  the 
microhardness  (or  strength)  changes  little  between  pure  alumina 
and  about  25  wt%  Zr02.  Between  25  wt%  Zr02  and  pure  zirconia 
the  microhardness  decreases  linearly  with  increasing  zirconia. 
Tensile  strength  data  by  Brecker  and  others  [38]  show  alumina- 
zirconia  abrasives  to  be  stronger  in  general  than  most  all 
pure  alumina  abrasives.  They  also  show  the  25  wt%  Zr02  com- 
position to  be  the  strongest  alumina-zirconia  composition  and 
strongest  of  all  alumina  abrasives  excepting  sintered  alumina. 

The  friability  of  the  25  wt%  Zr02  is  generally  a little 
less  than  the  42  wt%  Zr02.  This,  combined  with  the  high 
strength  of  the  25  wt%  Zr02  material,  shows  why  it  performs 
better  in  heavy  duty  grinding  operations. 
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Microstructure 

Materials  o£  different  compositions  and  different  prep- 
aration procedures  have  been  investigated  with  respect  to 
and  and  their  effects  on  the  results  of  tests  on  single 

abrasive  grains  [39,40].  It  was  found  that  a value  of 
approximately  0.7  and  the  highest  attained  (S  6000  cm'^) 

gave  the  toughest  abrasive  grain. 

The  data  obtained  in  this  study  show  that  the  microstruc- 
ture of  the  alumina- zirconia  system  can  be  controlled  and 
that  the  microstructure  controls  the  friability.  The  effects 
of  composition  on  the  microstructure  were  as  expected  from 
the  phase  diagram.  The  composition  giving  the  toughest  abra- 
sive grain  is  25  wt%  ^^^2’  This  is  slightly  greater  than  the 
composition  where  and  M^^  appear  to  go  through  a maximum. 

If  the  connectivity  of  the  a phase  had  been  measured,  it 
probably  would  have  shown  an  important  relationship  to  the 
maximum  values  of  and  M^^ . It  also  might  account  for  the 
microhardness  being  essentially  constant  between  0 and  25  wt% 
Zr02  . The  a phase  probably  becomes  completely  connected  just 
below  the  25  wtl  , and  as  the  3 phase  becomes  dis- 

connected the  toughness  decreases  to  the  pure  arc-cast  alumina 
value.  Also,  the  connectivity  of  the  a phase  between  0 and 
25  wtl  Zr02  would  account  for  the  constant  microhardness 
since  the  hardness  would  just  be  that  of  the  connected  alumina 
phase . 

At  the  25  wt%  Zr02  composition,  the  microstructure  can 
be  controlled  by  the  quench  rate.  The  faster  quench  rates 
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are  probably  associated  with  greater  amounts  of  undercooling. 
Faster  quench  rates  give  larger  and  larger  values. 

and  1 ] have  nearly  the  same  numerical  values  since  the 
counts  were  much  larger  than  the  counts.  So  no  new 
information  is  obtained  in  the  | | parameter  that  is  not 
already  in  the  parameter.  Since  is  essentially  con- 
stant,  the  X parameter  contains  no  new  information  not 
already  contained  in  It  does  provide  a better  frame  of 

reference  for  viewing  the  microstructure  since  it  has  units 
of  length,  however. 

Similarly,  for  the  series  with  42  wt% 
i^v^l  contain  the  same  information  and  S^‘*^  and  contain  the 
same  since  is  constant. 

In  both  the  a-0  and  y-w  cases  mentioned  above,  all  the 
information  obtained  on  the  microstructure  is  in  S and  M 

V V 

I since  is  constant.  X indicates  the  scale  of  the  micro - 
I structure  through  S^  while  contains  shape  information. 

This  shape  information  is  most  easily  obtainable  from  the  HX 
parameter.  Using  a cylindrical  model  provides  one  of  the 
simplest  means  to  calculate  HX.  For  a cylinder  of  height  h 
and  radius  r the  following  relations  are  true: 

V = irr^h  (9) 

S=2frr^  + 27Trh  (10) 

M = Tfh  + 2iT^r  (11) 


Applying  Equation  8 gives  ITX  as 
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HA  = 


+ 2n) 


Figure  90  is  a plot  o£  HA  verstis  h/r.  Close  e 
the  cylindrical  model  reveals  its  versatility, 
h/r  <<  1 the  cylinder  reduces  to  a thin  disc, 
a good  representation  o£  a plate.  HA  in  this 


(12) 

xamination  o£ 
For  r >>  h or 
A thin  disc  is 
case  becomes 


(HA) 


plate 


(13) 


From  Figure  90  it  can  be  seen  that  small  values  o£  HX  give 
rise  to  a plate  shape.  For  the  other  extreme,  h >>  r or 
h/r  >>  1,  the  cylinder  becomes  a rod  and  FTa  becomes 


By  evaluating  the  First  derivative  o£  HT  at  0 the  maximum  is 
Found  to  occur  at 


(-)  = — 
'■r^max  tt-1 


1.46 


(15) 


and 


(HA) 


max 


2 

IT 

2tt-1 


1.8/ 


So  by  this  model  plates  will  have  HA  values  less  than  about 
0.5  and  rods  will  have  values  From  1.0  to  about  1.5. 

While  the  cylindrical  model  is  simple,  it  does  model  two 
important  extremes  quite  well  and  provides  good  ideas  oF  HA 
values  For  other  shapes  as  long  as  they  have  closed  surFaces 
convex  (or  concave)  everywhere  (excludes  any  surFaces  contain- 
ing elements  oF  saddle  surFace).  It  is  worthy  to  note  that 
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Figure  90.  Shape  factor  for  cylinder  model  as  a function  of  height/radius . 


136 


values  of  HA  of  1.0  to  1.5  could  not  only  indicate  a rod 
shape  but  also  indicate  shapes  where  h = r. 

Models  for  simple  closed  surfaces  which  eliminate  the 
corners  in  the  cylindrical  model,  e.g.,  ellipsoids  of  revolu- 
tion [41] , give  plots  similar  to  Figure  90  and  offer  no  advan- 
tage considering  the  statistical  accuracy  of  the  counts  lead- 
ing to  HX.  The  ellipsoid  of  revolution  model  generally  shows 
a lower  value  for  (HX)  , slightly  larger  than  a sphere 

where  (HX)  , = 4/3. 

^ ^sphere 

Figures  23,  38  and  55  all  have  H^^X^  values  for  differ- 
ent samples.  With  the  exception  of  a few  points,  all  the 
H^^X^  values  fall  between  0.5  and  0.8.  This  is  consistent 
with  values  obtained  for  other  samples  not  reported  in  this 
study.  Qualitative  observation  of  the  microstructure 
shows  rods  and  plates  of  y in  the  w matrix.  The  values  of 
Ob  tained  indicate  a mixture  of  rods  and  plates  with 
neither  one  predominating  over  the  other. 

The  shape  factor  remains  relatively  constant  for  samples 
of  42  wt%  shape  of  the  y phase  dispersion  is 

independent  of  processing  variables  and  independent  of  small 
chemical  additions  with  a few  exceptions.  This  implies  that 
the  parameter  is  the  most  important  parameter  with  which 

to  correlate  processing  and  friability  data.  Generally,  any 
processing  change  which  decreases  the  scale  in  the  y-w  case 
will  decrease  the  friability  (neglecting  other  effects  of 
impurities)  . 
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Figures  31  and  46  reflect  values  from  different 

samples.  Excepting  a couple  of  samples  with  large  amounts  of 

impurity  additions,  all  values  fall  between  0.9  and  1.1. 

Since  observation  shows  the  a phase  is  not  present  as  long 

rods,  then  it  must  be  present  in  shapes  best  described  by  the 

OL  S 

cylindrical  model  when  h = r.  As  in  the  case,  is  the 

parameter  which  best  describes  the  changes  in  the  microstruc- 
ture observed  for  samples  in  this  study. 

The  single  most  important  parameter  describing  the 
microstructure  in  either  the  a-3  or  the  y-(n  cases  is  the  mean 
phase  intercept,  the  scale  factor.  Since  the  shapes  remain 
relatively  constant,  the  change  in  values  reported  merely 
reflects  the  change  in  scale  of  the  microstructure. 

The  fracture  surface  of  Figure  91  is  from  a 42  wt%  Zr02 
sample.  It  illustrates  why  controls  the  friability.  The 
plane  of  the  fracture  surfaces  tends  to  be  the  plane  of  the 
y-w  interface.  This  is  consistent  with  the  theories  of  Gupta 
[31]  that  the  weakest  part  of  ceramic  composites  is  the  inter- 
face between  the  dissimilar  phases.  Since  the  fracture  plane 
is  along  the  alumina-zirconia  interface,  it  must  be  weaker 
than  either  the  zirconia  or  alumina  phases  themselves.  The 
large  amount  of  surface  created  upon  fracture  increases  the 
energy  required  to  propagate  the  crack  and  results  in  a tougher 
grain  than  either  pure  alumina  or  pure  zirconia. 

The  fracture  surfaces  observed  in  this  study  were  very 
similar  to  those  observed  by  Hulse  [42]  for  ^20^  stabilized 
zirconia- alumina  eutectic  at  1500°C. 
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Figure  91.  Scanning  electron  microscope  fractograph  of 
eutectic  composition  cast  alumina- zirconia. 
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Most  porosity  in  the  yw  case  was  observed  to  be  shrink- 
age cavities  with  occasional  gas  bubbles  depending  on  the 
fabrication  technique.  A very  small  fraction  of  the  porosity 
was  observed  to  occur  at  colony  boundaries  and  in  particular 

at  colony  edges.  For  the  few  samples  checked  with  P counts, 

P 

this  type  of  porosity  occupied  less  than  1%  of  the  total 
volume,  generally  on  the  order  of  0.1%.  If  anything,  these 
estimates  are  probably  high  since  some  rounding  of  the  edge 
of  the  porosity  at  the  sectioning  plane  resulted  from  the 
polishing  techniques  employed. 

It  is  unlikely  that  the  porosity  at  the  colony  edges 
acts  as  crack  initiation  points.  For  these  abrasive  grains, 
cracks  most  certainly  initiate  at  surface  flaws  on  the  grain 
itself.  No  evidence  was  found  in  this  study  that  the  crack 
plane  preferred  traveling  through  these  areas  of  porosity. 

No  correlation  between  friability  and  colony  size  or  colony 
surface  area  could  be  deduced  from  the  data  obtained.  Only 
for  very  porous  samples  was  the  crack  front  observed  to  prefer 
traveling  through  the  porosity. 

The  same  observations  with  respect  to  porosity  were  made 
in  the  case  of  25  wt%  materials  on  the  alumina 

side  of  the  eutectic  composition  excepting  compositions  very 
near  pure  alumina.  Compositions  near  pure  alumina  began  to 
assume  the  columnar  grain  shape  of  pure  fusion  cast  alumina. 
Fracture  surfaces  become  smoother. 

Figure  92  shows  a typical  fracture  surface  for  a 25  wt% 
Zr02  material.  The  crack  propagates  through  the  supporting 
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matrix  the  same  way  it  propagated  in  the  42  wt%  ^'^^2 
Figure  91.  When  the  crack  front  reaches  the  stronger  primary 
alumina  grains,  it  prefers  to  take  the  longer  path  around  the 
grain  since  an  increase  in  stress  level  at  the  crack  tip  is 
required  to  advance  the  crack  tip  through  the  primary  alumina 
grain.  Evidence  of  this  can  be  seen  by  the  number  of  primary 
alumina  grains  "sticking  out"  of  the  fracture  plane.  The 
fracture  plane  itself  is  very  tortuous  as  in  the  42  wtl  ZrO^ 
case . 

Three  factors  control  the  strength  of  composite  materials 
according  to  Lange  [ 32 ]-- fracture  energy,  elastic  modulus  and 
crack  size.  The  fracture  mechanics  approach  states  that  the 
strength  of  a material  will  be  proportional  to  the  square 
root  of  the  product  of  fracture  energy  and  elastic  modulus 
and  inversely  proportional  to  the  square  root  of  the  crack 
size.  These  three  factors  are  governed  by  five  composite 
parameters:  (1)  the  particle  size  of  the  dispersed  phase, 

(2)  its  volume  fraction,  (3)  the  degree  of  interfacial  bond- 
ing, (4)  the  modular  ratio,  and  (5)  the  differential  thermal 
expansion  of  the  phases. 

The  greatest  influence  of  the  dispersed  phase  is  to 
increase  the  crack  size.  Crack  size  can  be  minimized,  thereby 
optimizing  the  composites'  strength  by  making  the  composite 
with  a small  particle  size  dispersion.  A large  fracture 
energy  is  also  desirable  for  optimum  strength.  Data  from 
different  investigations  show  that  a large  particle  size  dis- 
persion results  in  the  largest  fracture  energy  for  a given 
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composite  composition  [43-47].  Although  larger  particle  size 
dispersions  result  in  larger  fracture  energies,  they  also  are 
more  effective  crack  precursors  and  form  larger  cracks.  An 
increased  fracture  energy  and  an  increased  crack  size  are 
competitive  strength- controlling  factors;  a compromise  with 
regard  to  particle  size  must  be  made  to  obtain  the  optimum 
composite  strength  at  a given  volume  fraction. 

The  alumin a- z i r coni a composite  is  stronger  and  tougher 
than  pure  fusion  cast  alumina.  The  crack  size  is  larger, 
which  increases  the  fracture  energy.  In  most  materials 
examined  in  this  study,  these  competitive  strength-controlling 
factors  gave  a net  increase  in  the  strength  of  the  alumina- 
zirconia  composite. 

The  two  cases  of  composite  systems  studied  can  be  exam- 
ined separately  with  respect  to  the  effects  of  the  five  com- 
posite parameters.  In  the  case  of  the  eutectic  composition, 
Y-w,  the  volume  fraction  of  the  dispersed  phase,  the  zirconia, 
is  fixed.  The  particle  size  as  measured  by  the  mean  phase 
intercept,  A , can  be  varied  by  controlling  processing  vari- 
ables. Larger  A^  means  greater  crack  size  and  larger  fracture 
energy.  The  strength  has  not  been  quantitatively  measured  for 
all  the  materials  included  in  this  study  so  the  optimum 
cannot  be  determined.  It  was  suspected  that  a small  A^  value 
would  give  the  combination  of  crack  size  and  fracture  energy 
which  optimizes  the  strength.  The  toughness  of  the  y-iii 
material  was  measured  quantitatively  and  does  increase  with 
decreasing  A^.  The  elastic  modulus  depends  primarily  on  the 
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volume  fraction  of  the  dispersed  phase  and  the  modular  ratio 
of  the  dispersed  phase  and  the  matrix  phase  and  these  are 
constant.  The  elastic  modulus  also  depends  indirectly  on 
particle  size,  interfacial  bonding  and  differential  thermal 
expansion  due  to  the  possibility  of  crack  formation  during 
cooling.  The  interfacial  bonding  between  the  alumina  and  the 
zirconia  is  relatively  weak  as  was  seen  in  Figure  91.  The 
crack  front  propagates  along  this  boundary,  giving  rise  to 
larger  crack  sizes  and  higher  fracture  energies.  The  bonding 
is  strong  enough,  though,  to  create  a tough  ceramic.  The  dif- 
ference in  the  thermal  expansion  of  alumina  and  zirconia  is 
significant  but  no  cracks  were  observed  in  the  materials 
fabricated.  There  could  be  cracks  formed,  though,  which  have 
sizes  below  the  limits  of  detectability.  Smaller  particle 
size  dispersions,  smaller  , would  lead  to  smaller  crack 
sizes  which  would  give  stronger  materials.  In  glass  matrix 
j systems  [48] , it  has  been  found  that  cracks  do  not  form  with 
small  particle  size  dispersions  and  strengthening  could  be 
obtained  despite  large  differences  in  thermal  expansion.  The 
same  conclusion  could  be  drawn  about  the  alumina-zirconia 
system. 

In  the  a-3  composite  case,  many  of  the  same  arguments 
presented  above  can  be  presented  again.  The  volume  fraction 
of  the  dispersed  phase,  the  primary  alumina  dendrites,  can 
be  varied  and  the  maximum  strength  [38]  occurs  at  volume 
fractions  of  about  0.7  which  is  the  25  wt%  Zr02  composition. 
The  toughest  material  also  occurs  at  this  composition.  The 
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strongest  and  toughest  materials  are  those  with  small 
values.  The  interfacial  bonding  between  the  primary  alumina 
and  the  matrix  is  very  good,  being  essentially  an  alumina- 
alumina  bond.  The  plane  of  fracture  is  along  the  alumina- 
zirconia  boundary  in  the  matrix  and  preferentially  around  the 
dispersed  primary  alumina.  The  increased  strength  of  the  a-3 
case  and,  in  particular,  the  25  wt%  ^^^2  ^^'^position  arises 
from  an  increase  in  the  fracture  energy  and  most  probably  an 
increase  in  the  elastic  modulus  over  the  yw  case,  although 
the  elastic  modulus  values  have  never  been  quantitatively 
measured.  A tougher  ceramic  is  also  obtained  due  to  the 
arresting  of  propagating  cracks  through  the  material. 

Zirconia  Stabilization 

The  stabilization  of  zirconia  which  did  occur  was  prob- 
ably due  mainly  to  an  impurity  effect.  It  appears  unlikely 
that  it  was  due  to  a size  effect.  If  it  had  been  due  to  a 
size  effect,  then  a small  percentage  of  the  zirconia  would 
have  been  present  in  crystallite  sizes  on  the  order  of  100- 

O 

200  A [27-29].  It  would  be  expected  that  as  the  scale  of  the 
system  decreased,  the  percentage  of  the  zirconia  in  this 
small  size  range  would  also  increase  and  thus  the  amount  of 
stabilized  zirconia  should  increase.  This  was  not  observed 
in  the  quench  rate  experiments.  The  amount  of  stabilized 
zirconia  was  independent  of  quench  rate. 

Experiments  with  different  starting  raw  materials  and 
different  fabrication  techniques  showed  variations  in  the 
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amount  o£  stabilized  zirconia  although  the  amount  remained 
small.  The  differences  due  to  different  raw  materials  could 
obviously  be  due  to  impurities.  The  differences  due  to 
different  fabrication  techniques  could  also  be  due  to  impuri- 
ties introduced  by  the  techniques.  Laboratory  samples  fabri- 
cated for  testing  probably  had  various  amounts  of  oxides  of 
tungsten  and  molybdenum.  Commercial  samples  had  a fairly 
large  range  of  stabilization  which  again  could  probably  be 
traced  to  impurities. 

No  correlations  between  the  amount  of  stabilized  zirconia 
and  microstructure  or  friability  were  observed. 

Impurities 

Impurities  were  found  to  cause  variations  in  the  micro- 
structure and  variations  in  the  friability.  The  effects  of 
impurities  on  the  friability  beyond  the  effects  produced  by 
microstructural  changes  are  of  interest  for  the  fabrication 
of  abrasive  grains.  For  the  y-u)  case  Ti02 , Cr20j  and  V20^ 
gave  less  friable  material  than  the  microstructural  changes 
would  predict.  For  the  Ti02  case,  x-ray  diffraction  analysis 
showed  small  amounts  of  Al2TiO^  were  formed  at  the  higher  Ti02 
concentrations.  The  Al2TiO^  could  have  been  present  at  the 
grain  boundaries  of  other  compositions,  too,  in  amounts  too 
small  to  detect.  Al2TiO^  is  a softer  material  than  AI2O2  or 
Zr02  , which  would  give  an  increase  in  toughness.  Similarly, 
for  V20^  additions,  AIVO^  was  formed  giving  a decrease  in 
strength  and  an  increase  in  toughness.  AIVO^  is  a softer 
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phase,  also.  Cr202  is  isomorphous  with  AI2O2  and  it  has  been 
shown  that  solid  solution  of  Cr202  in  AI2O2  results  in  an 
increase  in  strength  [49-50].  This  same  increase  in  strength 
probably  occurred  in  the  alumina- zirconia  materials.  The 
increase  in  toughness  observed  for  Cr202  additions  could  have 
been  due  to  the  release  of  tension  in  the  AI2O2  lattice 
caused  by  the  larger  Cr  ions  in  solution.  According  to 
Belon  and  others  [50],  a similar  argument  might  be  proposed 
for  the  Ti02  and  V20^  cases. 

In  the  a-3  case,  only  Ct20t^  gave  an  abrasive  less  fri- 
able than  the  microstructural  changes  predicted.  The  effects 
of  the  tougher  matrix  phases  in  the  Ti02  and  V20g  cases  were 
balanced  apparently  by  the  increase  in  strength  of  the  primary 
alumina  due  to  solid  solution  [50]  leading  to  a more  brittle 
a-phase  which  gave  a decrease  in  toughness.  Fracture  sur- 
faces seem  to  indicate  a less  tough  primary  alumina  since  the 
fracture  plane  no  longer  appears  to  circumvent  the  primary 
alumina  but  continues  uninterrupted  through  it.  This  was  not 
observed  to  happen  for  the  Cr202  additions. 

The  large  increases  in  friability  for  CaO  additions 
beyond  small  fractional  percentages  was  due  to  Ca0-Al„0 
glass  formation.  The  composition  of  the  last  liquid  to  freeze 
[51]  and  the  fast  quench  rates  involved  in  sample  preparations 
were  sufficient  to  produce  the  glassy  phase. 
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Friability  and  Grain  Shape 

This  study  has  shown  that  microstructure  controls  the 
friability.  Impurities  can  also  control  the  friability  beyond 
the  micros tructural  changes  they  produce.  There  are  other 
factors  which  control  the  friability  of  a material  which  have 
not  been  examined  in  this  study. 

Two  factors  of  importance  are  the  size  and  shape  of  the 
abrasive  grain.  The  size  effect  is  generally  much  smaller 
than  the  shape  effect.  All  directly  comparable  results  in 
this  study  were  obtained  using  the  same  size  grains.  Ueltz 
has  shown  the  effect  of  shape  on  the  friability  of  alumina 
abrasives.  The  dependence  on  shape  was  the  reason  the  grains 
were  tumbled  and  tabled  for  this  study  as  mentioned  in  a pre- 
vious section.  The  effect  of  shape  has  been  minimized  to 
allow  observation  of  other  factors  controlling  friability. 


CONCLUSIONS 


The  conclusions  reached  in  this  study  can  be  summarized 
as  follows: 

1.  The  microstructure  of  the  alumina- zirconia  system 
can  be  adequately  described  by  the  techniques  of  quantitative 
microscopy. 

2.  The  microstructure  of  the  alumina- zirconia  system 
can  be  controlled  by  controlling  the  processing  variables. 

3.  The  quench  rate  was  the  most  important  processing 
variable  affecting  the  microstructure  of  the  alumina- zirconia 
materials  studied. 

4.  The  microstructure  controls  the  friability  of  alumina 
zirconia  materials. 

5.  The  scale  of  the  microstructure,  X,  is  the  feature 
of  the  microstructure  which  controls  the  friability. 

6.  The  increased  toughness  and  strength  of  the  alumina- 
zirconia  materials  studied  comes  from  arrested  crack  propa- 
gation and  increased  fracture  energies. 

7.  Alumina  does  not  stabilize  zirconia  in  the  cubic  or 
tetragonal  phase  form. 

8.  Impurities  can  affect  the  mechanical  properties  of 
alumina- zirconia  beyond  the  effects  produced  by  microstruc- 
tural  changes.  Increases  in  strength  and  increases  in  tough- 
ness can  be  produced  by  impurities. 
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9.  The  best  abrasive  material  in  the  alumina- zirconia 
system  for  heaAO^  duty  stock  removal  is  a composition  of  about 
25  wt%  Zr02  and  with  a microstructure  having  the  smallest 
scale  factor  possible. 


FUTURE  WORK 


A need  exists  for  more  work  on  the  micros tructural 
aspects  of  the  alumina- zirconia  system.  For  abrasive  grain 
applications,  mechanical  testing  must  be  extended  beyond  fri- 
ability testing.  More  tensile  strength  data  could  be  useful 
and  attritions  wear  measurements  are  needed.  Actual  grind- 
ing processes  should  be  employed  and  grinding  ratios  calcu- 
lated. Tests  more  related  to  actual  grinding  operations 
would  have  to  be  performed  for  each  workpiece  under  consider- 
ation . 

The  fabrication  procedures  could  be  expanded  beyond  those 
used  in  this  study.  The  effects  of  going  from  a laboratory 
scale  fabrication  to  a commercial  production  scale  should  be 
investigated. 

The  effects  of  impurities  need  more  investigation.  The 
number  of  impurities  must  be  expanded  to  include  more  of  those 
commonly  found  in  commercial  materials,  in  particular,  Fe202, 
Si02,  Na20,  sulfides,  chlorides  and  carbides.  Combinations 
of  impurities  also  need  to  be  studied. 

The  techniques  used  in  this  study  of  the  alumina- zirconi a 
system  could  be  applied  to  other  composite  materials.  The 
relation  between  microstructure  and  mechanical  properties  need 
not  be  concerned  solely  with  properties  of  abrasives  but  can 
be  extended  to  materials  for  other  applications. 
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